I. INTRODUCTION
The quasi-optical gyrotron (QOG) is currently under development as an efficient, high-power source of millimeter-wave radiation [l] , [2] . The quasi-optical resonator comprises a pair of spherical mirrors separated by many radiation wavelengths. The QOG operates in a series of TEM,,, modes, where the axial mode index 1 > 100 for CW relevant configurations. Higher order transverse modes can suffer from large diffraction losses owing to the finite size of the mirrors. The diffraction of the TEM,,, modes around one or both of the mirrors is collected as output, with typical round-trip diffraction losses from less than one to several percent. This output coupling sensitively depends upon the mirror size, radius of curvature, and separation. For a given pair of symmetric mirrors, output coupling is increased by increasing the separation between the mirrors.
The quality factor ( Q ) of a resonator is an important parameter which describes how well the cavity stores energy and it is closely related to the output coupling. The Q for a Fabry-Perot-type resonator can be very large. Quality factors of the order of 100000 are typical for resonators used in recent experiments [2] . Since the balance between ohmic losses and diffraction is very important in the QOG, a detailed experimental study is called for.
Fabry-Perot-type resonators have been used extensively to measure the microwave properties of solids, liquids, and gases [3] . For permittivity and loss measurements, the design goal is to achieve as large a Q as possible. This is accomplished by making the mirrors large so that diffraction losses for the fundamental transverse mode are negligible. Energy is typically coupled into the cavity through coupling holes or a dielectric beam splitter.
Cold tests of gyrotron cavities are difficult to perform in practice. Most cold-test schemes involve drilling coupling holes into the cavity walls [4] , which can perturb the cavity mode severely. It is also difficult to couple efficiently to the mode of interest, which is frequently a high-order mode. Woskoboinikow et al. [5] The QOG operates in the fundamental Gaussian mode, which allows for a straightforward method to couple to the proper mode in the resonator. This study uses the technique of Perrenoud et al. [6] , where a small hole is used to couple energy into the resonator and diffracted power is collected with a standard gain horn for output. This approach has a distinct advantage in that there is no background radiation pattern on the oscilloscope trace, which increases the accuracy of the measurement. The size of the hole can be chosen so that it has a small effect on the quality factor of the resonator. The majority of the measurements in this paper concern the variation of Q with mirror separation for various resonators. The theoretical model accurately predicts the behavior of these resonators as the separation is varied. This is in contrast to other work which indicated poor agreement between theory and experiment over a wide range of mirror separations [6] . The effect of misaligning the mirrors is also examined experimentally.
QUASI-OPTICAL RESONATORS
The Q of a Fabry-Perot-type resonator can be written
where L is the separation between mirrors, A is the free-space wavelength, and f , is the fractional round-trip loss of the radiation in the cavity. In practice, this loss factor includes ohmic losses, diffraction losses, and losses caused by coupling holes. These are the three loss mechanisms which are important in this study. The total Q of the resonator can be expressed as
where Q , is the ohmic Q, and Qd,c is the Q from diffraction and coupling losses. The ohmic Q is calculated using the for-
In this expression, f is the frequency, po is the permeability of free space, and (T is the conductivity of the mirrors. Silver-and gold-plated mirrors are used in the cold tests, with conductivities of 6.15 X lo7 and 4.5 X lo7 S/m, respectively. The ohmic Q increases linearly with separation and has a small effect on the total Q for output coupling greater than a few percent. The diffraction/coupling Q is calculated separately from the ohmic Q. This is accomplished with a computer code' which is 'Code written by K. Yoshioka, with a formulation similar to that found in [8] .
U S . Government work not protected by US. copyright Inputs to the code include the wavelength of the radiation, the mirror radius, the radius of curvature of the mirrors, the separation between the mirrors, the dimensions of a coupling hole, and a parameter which specifies the mesh size. Outputs from the code include Qd,c, the balance between Qd and Q,, and the electric field distribution along the surface of each mirror for the TEM,, and TEM,,, modes. Other modes may also be analyzed.
The solution converges rapidly for output couplings above 1%.
A chief obstacle to performing cold tests of millimeter-wave resonators is coupling power into the cavity without perturbing the quality factor substantially. In this study, a small coupling hole is drilled through the center of one mirror. The size of the hole is chosen to minimize degradation of Q while coupling a sufficient amount of power into the cavity. The radius of the coupling hole is 0.38 mm. 
COLD TEST APPARATUS
A schematic diagram of the experimental setup is shown in Fig. 1 , and is similar to that adopted by Perrenoud et al. [6] . The entire arrangement is located on an optical table, with the quasi-optical resonator mirrors mounted on 152-mm-diameter optical mounts which can be translated by hand on a rail. A 0.76-mm-diameter coupling hole pierces the left mirror. It is counterbored from behind, leaving a 0.15 to 0.25 mm wall. A WR-8 waveguide is inserted from the back of the coupling mirror for input, while a standard gain horn intercepts a small amount of the diffracted signal for output. In practice, the pickup horn may be placed behind either mirror.
Two millimeter-wave sources are used for the measurements. The first is a 94 GHz IMPATT which produces 20 mW of power. Its frequency is swept by applying a 1 V ramp to the FM port. The second source is a 120 GHz reflex klystron with a power output of several milliwatts. It is also swept with a low-voltage ramp, which is amplified in the klystron power A unique feature of the cold test arrangement is that the resonator mirrors are aligned with an HeNe laser. The incident beam defines the axis of the resonator so that the mirror angle can be optimized by aligning the reflected and incident beams. The coupling hole is used to full advantage by passing the beam through the hole for centering and alignment. The resonator mirrors can be rapidly aligned to better than a tenth of a degree.
IV. RESULTS Another valuable measurement is the effect of misaligned mirrors on the Q. Perrenoud et al. [6] found that a 0.5" tilt resulted in a 50% degradation of Q for their configuration. This information is important because the mirror holders must be attached to the superconducting magnet dewar, and it is difficult to estimate how well the mirrors are aligned when the magnet is cooled. Fig. 4 shows the effect of mirror misalignment on Q for one of the asymmetric cavities. The mirror separation is 0.158 m, the frequency is 94 GHz, and the mirrors are 50 and 55 mm in diameter. The Q begins degrading after 1" of misalignment. By 2", the Q is reduced by 20%. The small scatter of the data for tilts less than 1" is indicative of the reproducibility of the measurement. In general, the sensitivity of the resonator to misalignment depends upon mirror size and separation. Increasing the separation to 0.25 m has little effect on sensitivity to alignment for this cavity.
There are several sources of error in these measurements of Q versus separation. If the frequency sweep is not perfectly linear in time, a systematic error will be present. Secondly, there is a random error in reading the FWHM from the oscilloscope. A third source of error is due to an occasional asymmetry in the shape of the resonance on the oscilloscope. This is caused by an improper position of the pickup horn with respect to the diffracted fields, and can be corrected by adjusting the horn's position. Hence, the measured values should be accurate to better than &lo%. This error can be lowered to below &5% with calibration and careful technique. 
